In order to clarify existence or non-existence of the thermal pinning, viz., retardation of grain growth in polycrystalline materials due to steep temperature gradient, effects of the temperature gradient on the grain growth were systematically investigated by means of the phase-field simulations. It was found that the local grain growth is determined only by the local thermal history regardless of the temperature gradient and hence the temperature gradient does not directly influence the local grain growth. It was concluded that the thermal pinning does not exist when the grain boundary energy and mobility are isotropic and the grain growth is driven only by the reduction of total grain boundary energy.
Introduction
The production of polycrystalline materials generally involves the grain growth under temperature gradient which is often steep in several production processes such as continuous casting and welding processes. Although considerable effort has been devoted to understanding of the grain growth kinetics [1] [2] [3] [4] , little has been revealed about effects of the temperature gradient on the grain growth.
It was found in a study on the heat affected zone (HAZ) in the fusion welding of a steel that the local grain size near the fusion line is smaller than the grain size predicted for the same thermal cycle as the HAZ but less temperature gradient [5] . It was speculated that the retardation of the local grain growth in the HAZ is ascribable to the steep temperature gradient. The temperature gradient in the weld HAZ is so steep that the temperature largely varies across a single grain. It is considered that the growth in higher temperature regions is hindered by that in the lower temperature regions because of the lower grain boundary mobility in the lower temperature regions. This might cause the retardation of the local grain growth and this phenomenon is termed the thermal pinning. According to this speculation, it is regarded that the essential factor causing the thermal pinning is the temperature dependence of the grain boundary mobility. It should be pointed out that in spite of its scientific and practical significance, the detail of the thermal pinning has not been examined yet. Most importantly, to the best of the authors' knowledge, there has been no experimental evidence directly verifying the existence of this effect, which should be because of the experimental difficulty in controlling very steep temperature gradient.
Recent progresses in computational materials science enable the detailed investigation of the grain growth during practical production processes of polycrystalline materials. Some Monte Carlo simulations on the grain growth in the HAZ demonstrated the existence of the thermal pinning [6] [7] [8] . However, the effects of temperature gradient on the grain growth were not systematically scrutinized and the detail of the thermal pinning remains to be clarified. In particular, it is not substantiated that the retardation of the local grain growth observed in these studies is entirely attributed to the temperature dependence of the grain boundary mobility. On the other hand, the Monte Carlo study by Holm et al. showed the contradictory finding that the temperature gradient does not affect the local grain growth kinetics under a fixed temperature distribution [9] , which denies the existence of thermal pinning. It is therefore uncertain whether the thermal pinning actually exists or not.
The phase-field model has emerged as a powerful tool to simulate the microstructural evolution processes in a variety of phenomena based on the diffuse interface description [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . This model can describe the grain growth in polycrystalline materials in real time and spatial scales. This is in contrast to the Monte Carlo simulation which generally involves the difficulty and/or uncertainty in relating the Monte Carlo step to the real time scale. One of the important features of the phase-field model is that the time evolution equation is exactly reduced to the equation for the curvature-driven motion of the grain boundary. This feature makes the relation between the theories of grain growth and the simulation outcome transparent [18] . In this study, the effects of temperature gradient on the grain growth are systematically investigated by means of the phase-field simulations.
The main concern of this study is the elucidation of the existence or non-existence of thermal pinning phenomenon. As mentioned above, the temperature dependence of the grain boundary mobility is of primary importance to the analysis on the thermal pinning. The system best suited for the present purpose is the one in which the grain growth is driven only by the reduction of the total amount of grain boundary energy and the grain boundary properties such as the grain boundary energy and mobility including their temperature dependences are isotropic. In this paper, we call this system quasi-ideal system, since the grain growth process in this system becomes equivalent to the ideal grain growth process when the temperature gradient vanishes.
Our focus is placed on the quasi-ideal system in order to avoid any effect of secondary importance in the analysis. It should be noted that this system has not been subjected to the detailed investigation, since the earlier Monte Carlo studies [6] [7] [8] [9] focused on the grain growth where the growth exponent characterizing the temporal change of the average grain size deviates from 0.5 of the ideal case.
Computational details
We employed the multi-phase-field model [14, 18] in which the grain structure is characterized by a set of phase-fields, { i (r,t)}, each of which describes a probability of finding a grain i at given point r and time t. The subscript i specifies the type of grain, viz., the different crystallographic orientation and it is given by the integer number, the maximum number of which is denoted by N.  i (r,t) takes 1 when the grain i exists at given point r and time t and it takes 0 otherwise. The grain boundary is then characterized as the region where  i continuously varies between 0 and 1.  i (r,t) satisfies the normalization condition
at each spatial point. The time evolution of  i is described by the following equation [18] 
where L is the phase-field mobility, s i is a step function with s i = 1 for  i > 0 and s i = 0 otherwise, and n represents the number of grains existing at a given spatial point.  is the gradient energy coefficient and  is a constant. The quantities  and  are related to the grain boundary energy  and the thickness of grain boundary W as given by
. In this study, we focus on the grain growth in an austenitic steel.  is given by  = 0.79 Jm based on the experimental results [22] . These values were chosen as typical values for the austenite grain growth in steels and we do not focus on a specific composition in this study.
We have carried out two-dimensional simulations, since the most essential kinetics causing the thermal pinning, stemming from the temperature dependence of grain boundary mobility, should be captured in the two-dimensional simulation. The computational box consists of 500 and 1000 square grid points for x-and y-axes, respectively. In order to describe the coalescence-free growth, we employed the active parameter tracking algorithm proposed by Kim et al. [18] . In all the simulations, the temperature varies with x-coordinate and is uniform over y-axis. The periodic boundary condition was set along y-direction and zero flux boundary condition for  i was applied to the upper and lower edges in the x-direction. The square grid spacing x was set to x = 4.0×10 -6 m and t was given by t = x
where L max is the maximum value of L under the temperature gradient.
Results and discussions

Grain growth under a fixed temperature gradient
We first focus on the grain growth under a fixed temperature gradient. The computational condition is as follows. The initial grain structure was obtained by solving Eq. (1) for an annealing period at T = 1743 K starting from small grains that were spatially distributed at random. should be a maximum temperature for the grain growth because of melting. Also, the extremely high temperature causes the large computational burden because very high grain boundary mobility at the high temperature requires very small time step. In order to avoid the computation for extremely high temperatures, the maximum temperature was set to T = 1743 K above which the temperature was assumed this value. Also, the minimum temperature was set to T = 973 K below which the temperature was assumed this value, since the grain growth does not virtually take place below this temperature.
In the preliminary simulations, we confirmed that these procedures do not substantially alter the results shown below. It is seen that the grain size in the early stage is non-uniform due to the steep temperature gradient. As the holding time elapses, the large grains on the high temperature side grow toward the center part. These large grains grown from the high temperature side finally reach the center part at t = 100 s, which results in the apparent acceleration of the grain growth in Fig. 3 . This phenomenon should be regarded as the exceptional case, since this is not the normal grain growth, i.e., the competition of grains in the center region but the preferred and exclusive growth of the large grains from the high temperature edge (abnormal grain growth). Except for this phenomenon, the grain growth does not depend on G for each value of T c in Fig. 3 . Hillert developed the theory of grain growth [1] . When the dependence of the grain boundary mobility on the temperature is explicitly specified, the time evolution of the average grain size obeys the following relation, 2) for G = 0. Therefore, it is evident from Fig. 3 that the temperature gradient G itself does not influence the local grain growth. The local grain growth under a fixed temperature gradient is described as the time evolution of the grains growing isothermally at the local temperature. This is consistent with the finding in the earlier Monte Carlo study [10] and what we observed in the phase-field study on the discontinuous grain growth [23] . According to the speculation by Albery [5] , the most essential factor causing the thermal pinning is considered the temperature dependence of the grain boundary mobility. Therefore, our attention in this study was directed at the system with the isotropic grain boundary properties and with no driving force other than the reduction of total grain boundary energy in order to avoid any effect of secondary importance to the thermal pinning. Contrary to the common thought, however, the present simulations indicated that the thermal pinning does not exist in this system, in other words, the existence of the thermal pinning cannot be explained only by the temperature dependence of the grain boundary mobility. There are several other possibilities yielding the retardation of local grain growth in the HAZ observed in the earlier study on the fusion welding [5] . For example, as the authors pointed out in their report [5] , it may be ascribed to the difference in the grain boundary properties between the specimen used for the actual welding experiment and the simulation specimen used for the investigation of grain growth under small temperature gradient because these specimens have slightly different chemical compositions. Also, there may be the pinning effect of second phases stable at high temperatures such as the liquid phase. It is expected that the liquid phase exists even below the equilibrium solidus temperature near the fusion line in the HAZ, because of the non-equilibrium cooling process. The liquid may exist in the form of the grain boundary liquid and it causes a complete inhibition of the local grain growth. This possibility was discussed in the earlier Monte Carlo study [6] and it is investigated by the phase-field simulations in this study.
In the simulations shown above, the region where the maximum temperature exceeds T = 1743 K was defined as the fusion zone and the grain growth was simulated in the region below this temperature. We now consider the (non-equilibrium) solidus temperature below T = 1743 K and the liquid phase pinning above the solidus temperature. All the simulation conditions are the same as those used for Figs. 6 and 7, except that the grain growth is completely inhibited when the temperature exceeds a given solidus temperature. The complete inhibition is described by setting the phase-field mobility to zero. We focus on three different solidus temperatures T s = 1723, 1693 and 1643 K. The results for q/v = 1.0×10 6 J m -1 are shown in Fig. 8 . The solid lines are the same curves as shown in Fig. 7(a) . Although there is essentially no change in the grain growth at x = 1.0 mm (Fig. 8(b) ), the retardation is clearly observed near the fusion line, viz., at x = 0.16 mm (Fig. 8(a) ). The plateau in Fig. 8(a) indicates that the grain growth is completely inhibited in this time period during which the temperature is higher than the solidus. As the solidus temperature decreases, the grain size at t = 10 s decreases. Hence, the existence of the grain boundary liquid can be one of the possibilities that explain the retardation of local grain growth found in the study on the fusion welding. More detailed and quantitative analysis on this point remains as a future work.
Summary
In the previous study on the fusion welding, it was found that the grain size near the fusion line in the HAZ is smaller than that predicted for the same thermal cycle as the HAZ but less temperature gradient. It was supposed that the grain growth is inhibited by the steep temperature gradient because of the low grain boundary mobility in the low temperature region. This phenomenon is called the thermal pinning. In this study, in order to clarify the existence or non-existence of the thermal pinning, the effect of temperature gradient on the grain growth has been systematically investigated by means of the phase-field simulations. It was demonstrated that the thermal pinning does not exist in the system with the isotropic grain boundary properties and no driving force of the grain growth other than the reduction of total grain boundary energy. The present simulations indicated a possibility that the existence of the grain boundary liquid due to the non-equilibrium solidus temperature may retard local grain growth near the fusion line.
As mentioned above, the focus of this study was placed on the quasi-ideal grain growth process. There are several important factors that should be considered to describe the realistic grain growth process. For example, the solute segregation often exists at the grain boundary and it alters the grain growth because the kinetics is intimately connected to the diffusion process of the segregated atom(s) in this case. Also, the grain boundary properties are anisotropic in reality and the temperature dependence of local grain growth should accordingly be anisotropic. It is not clear how these factors affect the temperature dependence of grain growth. In this regard, we would like to refer to the previous works where the phase-field models were successfully extended to describe the grain growth with the solute segregation [26] and the anisotropic grain boundary properties [17] . Elucidation of effects of these factor remains as an important issue to be addressed to advance our understanding of the thermal pinning. 
